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2  Joint  Institute  for  Laboratory  Astrophysics,  University  of 

Colorado,  Boulder,  Colorado  80309 -0440,  USA  (Absolute 
Gravimeter  USA  1) 

3  Institut  fur  Physikalische  Geodasie,  University  of  Darmstadt, 

Fed.  Rep.  of  Germany  (Gravimeters  G258  and  D38F) 

4  Institute  of  Automatics  and  Electrometry,  Siberian  Branch  of 

Academy  of  Sciences  of  the  USSR,  Novosibirsk  630090,  USSR 
(Absolute  Gravimeter  GABL) 

5  Institut  fur  Angewandte  GeodAsie,  Frankfurt,  Fed.  Rep.  of 

Germany  (Gravimeters  G563  and  D21) 

6  Defense  Mapping  Agency  HTC,  20315  Washington  D.C.,  USA 

(Gravimeters  G131  and  D79) 

7  Instituto  di  Metrologia  "G.  Colonnetti" ,  10135  Torino,  Italy 

(Italien  Absolute  Gravimeter) 

8  National  Institute  of  Metrology,  Beijing,  China  (Chinese 

Absolute  Gravimeter) 

9  Land  Survey  of  Sweden,  S-801  12  GAvle ,  Sweden  (Gravimeters 

G290  and  G54) 

10  International  Latitude  Service,  Mizusawa,  Japan  (Gravimeter 

G305) 

11  University  of  Triest,  34123  Trieste,  Italy  (Italien  Absolute 

Gravimeter) 

12  Observatoire  Royal  De  Belgique,  B-1200  Bruxelles,  Belgique 

(Gravimeters  G487F  and  D31F) 

13  Institut  fur  Erdmessung,  University  Hannover,  Fed.  Rep.  of 

Germany,  (Gravimeters  G298F,  G709F  and  D8F) 

14  Bureau  International  des  Poids  et  Mesures,  Pavilion  de 

Breteuil,  Sevres,  France  (BIPM  Absolute  Gravimeter) 

15  Air  Force  Geophysics  Laboratory,  Hanscom  AFB,  Massachusetts 

01731,  USA 

16  Scripps  Institution  of  Oceanography,  A-025,  University  of 

California,  La  Jolla,  California  92093,  USA  (Absolute 
Gravimeter  USA  2) 


Following  Che  recomzsendacion  of  Che  International  Association  of  Geodesy, 

Che  First  Comparison  of  Absolute  Cravlmecers  was  carried  out  in  1981  (Sevres, 

1  2 

1981).  '  One  result  that  came  out  of  that  highly  successful  Intercomparison 
was  the  confirmation  of  certain  previously  suspected  systematic  errors.  At 
the  General  Assembly  of  LAG  (Hamburg,  1983),  with  the  hope  of  a  somewhat 
greater  participation  and  with  a  view  to  establishing  a  new  first-order  world 
gravimetric  network,  a  resolution  was  adopted  to  organize  in  1984  a  Second 
International  Comparison  of  Absolute  Cravlmecers.  However,  as  several 
instruments  were  either  not  ready  or  unavailable  for  joint  operations  at  the 
initially  fixed  date,  the  comparison  was  postponed  to  June-July  1985. 

Ac  the  kind  invitation  of  the  Bureau  International  des  Poids  et  Mesures, 
che  comparison  was  again  conducted  in  Sevres  at  the  main  laboratory  building 
of  the  BIPM.  The  preparation  and  the  comparison  procedure  was  entrusted  to 
Prof.  Yu.  Boulanger,  Chairman  of  SSC  3.86.  (This  special  study  group's  charge 
is  the  evaluation  of  absolute  gravity  measurements.) 

The  Instruments  that  were  used  came  from  five  different  countries: 

China,  France,  Italy,  USA  (two  instruments),  and  che  USSR.  All  six  of  these 
instruments  employ  ballistic  methods  and  utilize  laser  interferometry  to 
measure  position  as  a  function  of  time.  Two  of  them  (BIPM  and  Italian)  employ 
symmetrical  rise-and-f all  methods,  while  the  others  use  direct  free  fall. 

Four  (BIPM,  Italian,  Soviet,  and  the  JILA-USA  instrument)  utilize  some  form  of 
long-period  isolation  device  to  help  reduce  che  drop-to-drop  scatter.  The 
1CPP-USA  instrument  uses  a  short  (~1  sec)  period  isolation  device,  and  the 
Chinese  instrument  does  not  (yet)  utilize  any  form  of  mechanical  Isolation. 

The  incercomparlson  of  all  of  che  absolute  instruments  was  made  by 
transferring  each  of  che  individual  measurements  to  a  single  benchmark  sec  on 
the  pillar  at  Site  A.  To  do  this,  a  micro-gravity  net  (Fig.  1)  of  gravity 


differences  was  established  using  relative  gravimeters.  The  vertical  gravity 
gradients  vere  also  measured  at  all  of  the  sites  on  which  absolute  gravimeters 
were  Installed.  The  sites  of  absolute  gravimeter  Installations  were  fitted 
precisely  with  the  marks  over  which  the  absolute  measurements  were  taken. 

Prof.  E.  Croten,  Chairman  of  SSC  3.85  (This  study  group  is  concerned  with 
the  comparison  of  high-precision  gravimeter  techniques.),  kindly  agreed  to 
organize  and  carry  out  the  relative  measurements  and  to  process  the  results 
obtained.  Table  1^  shows  vertical  gradients  W£Z  assumed  at  the  reduction  to 
the  pillar  surface  of  gQ  determined  at  the  effective  height  HQ.  Table  2  gives 
reductions  to  Site  A  and  their  errors.^ 

Altogether  more  chan  1200  gravimeter  readings  were  taken  by  14  LaCoste 
Romberg  gravimeters.  The  average  accuracies  as  obtained  in  the  least-6quares 
adjustment  are  ±0.8  pgal  for  the  gradients  and  ±0.7  ugal  for  the  gravity 
differences.  Questions  of  precision  and  accuracy  of  the  relative  gravimetry 
are  discussed  in  Ref.  3  in  more  detail.  With  respect  to  the  accuracy  of  the 
absolute  apparatuses  to  be  described  below,  the  gravity  differences  of  the 
combined  adjustment  of  all  Instruments  can  be  regarded  as  true  reference 
values. 

All  absolute  measurements  were  taken  between  June  28  and  July  9,  1985, 
with  a  break  from  July  3  to  8,  during  which  period  the  relative  measurements 
were  performed. 

Table  3  gives  the  assigned  errors  for  the  absolute  measurements.  Column 
1  lists  the  sources  of  these  errors;  the  other  columns  give  their  values 
obtained  on  the  engineering-physical  basis.  The  similarity  of  errors  for  all 
Instruments  should  be  noted. 
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fell  within  the  range  of  ±5.6  ugal  to  ±7.8  ugal.  The  Chinese  Instrument  is  an 
exception  (±13.8  ugal);  It  has  a  large  random  error  of  ±11.2  ugal 
(attributable  to  its  present  lack,  of  a  mechanical  Isolating  system). 

Table  4  presents  a  summary  of  all  measurements  taken  by  the  absolute 
gravimeters.  Appendices  1,  2,  3,  and  4  give  more  detailed  data,  l.e.,  results 
of  measurements  by  Individual  fallB  and  by  series  of  falls.  Results  of 
measurements  with  the  J1LA  instrument  at  Site  A5  are  represented  by  two 
histograms  (Figs.  2  and  3).  No  detailed  results  of  measurements  performed  by 
the  Sakuma  instrument  were  presented. 

Corrections  for  tidal  gravity  variations  were  introduced  into  all  of  the 
absolute  measurements;  they  were  taken  from  the  tables  kindly  supplied  by 
Prof.  Sakuma  to  all  participants.  This  provided  a  uniform  system  of  tidal 
corrections  for  all  the  instruments  to  use  during  this  intercomparlson.  These 
corrections,  incidently,  were  found  to  have  a  systematic  discrepancy  in 

amplitude  of  between  2  and  4  ugal  on  comparing  them  with  the  tidal  corrections 

*» 

normally  used  with  the  various  Instruments. 

The  Honkasalo  correction  and  the  correction  for  polar  motion  were  not 
introduced,  whereas  (common)  corrections  for  the  atmospheric  mass  attraction 
were  Introduced  to  all  measurements. 

Reduction  to  the  pillar  surface  of  g  measured  at  an  effective  height,  H0, 
was  calculated  by  the  formula: 

4gy  •  W22  H0  . 
zz 

Gradients,  W  ,  and  their  errors  are  shown  in  Table  1. 
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Table  S  gives  results  of  all  absolute  determinations  made  during  the 
calibration  of  gravimeters  and  adjusted  to  Site  A  at  the  pillar  surface.  The 
results  of  the  Lntercomparison  were  rather  surprising  (Table  5).  The  results 
tend  to  fall  into  three  groups.  The  maximum  discrepancy  between  instruments 
reached  37.7  ±  9.4  ugal,  an  amount  which  cannot  be  explained  simply  by  an 
accumulation  of  the  Individual  quoted  errors.  Further,  given  the  grouping,  no 
simple  correspondence  with  the  particular  method  of  measurement  Is  evident. 

One  can  only  conclude  from  these  data  that  in  addition  to  the  stated  mean 
square  errors  of  about  ±5  to  ±8  ygal  for  5  of  the  6  individual  instruments, 
some  or  all  have  an  as  yet  unrecognized  systematic  error  source  that  could  be 
as  large,  in  the  extreme  case,  as  some  tens  of  ugals.  It  should  be  noted  that 
our  analysis  of  the  measurements  does  not  single  out  for  preference  any  one 
group  of  Instruments.  Therefore,  without  the  benefit  of  additional  studies 
and/or  further  Intercomparisons,  and  noting  the  general  similarity  of 
Instruments,  the  present  accuracy  of  an  absolute  gravity  determination  by  any 
one  instrument  could  be  in  doubt  (mean  square  error)  by  as  much  as  ±13  ugal. 

This  result  poses  an  important  question  in  regard  to  establishing  a  new 
first-order  global  gravity  network.  If  a  mean  error  of  ±10  ugal  is  required 
for  this  net  (as  has  been  stated  many  times)  and  absolute  gravimeters  are  to 
be  (necessarily)  utilized,  then  the  multiple  Instrument  method  of  measurements 
would  seem  to  be  required.  Under  this  approach,  each  site  of  this  net  would 
need  to  be  occupied  by  no  less  than  three  different  absolute  gravimeters.  The 
difficult  question  is:  "Which  three?" 

There  is,  however,  another  possibility  to  be  considered.  One  would 
expect  the  relative  precision  of  measurement  of  an  absolute  gravimeter  to 
exceed  its  absolute  accuracy  —  at  least  over  time  periods  during  which  major 
modifications  and/or  component  changes  have  not  occurred.  And  indeed,  there  is 


an  excellent  correlation  of  the  Ag  results  between  pillars  A3  and  A6  as 
measured  by  the  GA3L  absolute  gravimeter  and  the  relative  Instruments.  From 
absolute  measurements,  this  difference  was  found  to  be  679.4  pgal;  but  from 
relative  measurements  It  was  679.9  ±  0.8  ygal.  This  serves  to  corroborate 
this  expectation:  the  measurement  precision  of  an  absolute  instrument  16 
higher  than  it6  measurement  accuracy.  When  one  is  using  absolute  gravimeters 
to  look  for  slow  changes  of  the  gravity  field  of  the  Earth  with  time,  this 
fact  can  be  expected  to  be  helpful.  Given  the  long  time  intervals  (one  year 
or  longer)  required  to  look  for  these  changes,  this  increase  in  precision  may 
not  in  practice  be  fully  realizable  unless  one  is  conducting  differential 
measurements.  In  using  absolute  gravimeters  to  establish  a  global  gravity 
network,  however,  one  would  expect  to  be  able  to  take  advantage  of  this 
Increase  in  precision.  In  that  case,  one  is  making  (in  part)  differential 
measurements  and  the  time  intervals  between  absolute  measurements  at  the 
various  sites  would  be  short. 

The  discrepancies  between  the  gravity  differences  of  the  relative 

gravimeters  to  6ite  A3  in  the  1985  and  the  1985  campaigns  can  be  associated 

with  the  eccentric  position  of  the  gravity  meters  in  the  1981  campaign.  If  a 

suitable  correction  is  applied,  the  differences  are  reduced  significantly,  see 
Table  2a. 

The  situation  with  the  gradient  on  A3  is  more  complicated  as  can  be  seen 
in  Table  la.  Even  if  the  measurements  in  1981  were  affected  by  the  eccentric 
measurements,  there  has  been  a  rather  large  increase  in  the  gradient  since 
1980  or  even  since  1984  of  more  than  10  pgal/m. 

It  is  interesting  to  compare  the  results  of  absolute  determinations  made 
in  1981  and  1985  on  pillars  A5  and  A6,  because  on  these  pillars  the  values  of 
Wzz  an<^  che  differences  of  Ag  (A-A5)  and  Ag  (A-A6)  were  found  in  both  cases  to 


be  very  close.  On  pillar  A5  the  difference  between  g  (1981)  and  g  (1985)  was 
+17.1  ±  12.6,  whereas  on  pillar  A6  it  was  -0.4  t  10.1  wgal .  If  we  compare  the 
correlation  of  g  results  on  pillar  A,  it  appears  from  the  total  of  all 
measurements  that  gravity  on  pillar  A  during  the  intervening  four  years  changed 
by  4.1  t  5.9  ugal,  a  result  completely  consistent  with  no  change  at  all  having 
occurred.  This  result  is  in  itself  a  bit  Burprising,  for  in  this  time  frame  a 
new  laser  laboratory  was  built  at  the  BIPM  immediately  adjacent  to  the 
building  in  which  pillar  A  is  located.  And  though  it  is  difficult  to 
calculate  exactly  the  effect  of  this  new  building's  resulting  "mass  change"  on 
the  value  of  g  at  site  A,  a  rough  estimate  would  suggest  that  the  value  of  g 
on  pillar  A  * —  were  nothing  else  to  have  changed  in  this  four-year  period  — 
should  be  smaller  by  about  20  ugal,  a  number  which  is  consistent  with  the 
(apparent)  change  that  Sakuma  has  measured. 

Conclusions 

The  Second  International  Comparison  of  Absolute  Gravimeters  involving  six 
instruments  from  five  different  countries  was  carried  out  in  Sevres  during 
June-July  of  1985.  All  of  the  instruments  appeared  to  work  very  well.  The 
results  of  this  intercomparison  are,  however,  somewhat  more  discordant  than 
one  would  have  expected  in  view  of  the  assigned  6-12  ugal  error  associated 
with  the  various  instruments.  Further,  the  apparent  measurement  discordance 
between  the  BIPM  instrument  of  Sakuma  and  the  other  instruments  is  both 
surprising  and  unresolved.  Transfer  errors  —  even  were  the  estimated  error 
of  the  relative  measurements  to  be  increased  by  a  factor  of  3  to  allow  for 
some  possible  systematic  error  source  affecting  all  of  the  instruments  — 
cannot  explain  this  discrepancy.  The  desireability  of  making  measurraents, 


however,  with  Che  same  absolute  apparatus  at  each  of  these  sites  Is 
apparent.  The  intercomparison  has  served  (again)  to  alert  the  various 
participants  to  the  possibility  that  systematic  errors  may  6tlll  be  associated 
with  their  instruments.  Accordingly,  it  has  made  clear  the  need  for  continued 
testing  of  the  individual  instruments  in  their  .tome  laboratories.  Finally,  it 
has  poinced  to  the  value  of  and  the  probable  need  for  a  Third  International 
Comparison  of  Absolute  Gravimeters  in  some  3-5  years. 
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Gradient -Measurements 


Sevres  A 


Instr. 

Instrumental 

down 

height 

up 

Difference 

m 

Number 
of  obs. 

Gradient 
u  gal/m 

1 

D8F 

0.212 

1.212 

1 

11 

312.5+0.4 

2 

G298F 

0.214 

1.214 

1 

13 

313.7+1.3 

3 

G709F 

0.208 

1.208 

1 

11 

311.1+0.7 

4 

G563 

0.406 

1.406 

1 

8 

313.7+0.9 

5 

021 

0.186 

1.185 

0.999 

6 

309.7+0.1 

6 

G54 

0.217 

1.031 

0.814 

6 

314.3+0.9 

7 

G290 

0.212 

1.027 

0.815 

8 

- 

8 

G305 

- 

- 

1 

6 

308.2+4 . 6 

9 

G258 

0.229 

1.227 

0.998 

8 

312.0+1.4 

10 

D38F 

0.234 

1.232 

0.998 

9 

313.5+1.7 

11 

G131 

0.206 

1.206 

1 

7 

303 . 3±1 . 3 

12  D79 

Mean 

Table  1.1 

0.208 

1.208 

1 

8 

3 11 . 4±4 . 6 

311.4+0.7 

Gradients 

Instr. 

Instrumental 

down 

S  e 

height 

up 

v  r  e  s  A 

Difference 

m 

3 

Number 
of  obs. 

Gradient 
li  gal/m 

1 

D8F 

0.212 

1.212 

1 

15 

296.0+0.5 

13 

296.4+1.2 

2 

G298F 

0.214 

1.214 

1 

11 

290.0+0.7 

11 

291.3+1.0 

3 

G709F 

0.208 

1.208 
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13 

296.8+1.6 

11 

297.0+0.7 

4 

G563 

0.406 

1.406 
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292.1+0.9 
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D21 

0.192 

1.191 

0.999 
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291.5+0.5 

6 

G54 

0.216 
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0.819 
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295.7+1,3 
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G290 
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1.032 
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303.9+0.5 
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300.4+1.3 
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299.4+3.3 

10 

D38F 
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1.234 

1 
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302.3+1.0 

11 

G131 

0.206 

1.206 

1 

7 

290.111.0 

12 
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0.208 

1.208 

1 

7 

298.712.1 

Mean 
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Gradients 

Instr . 

Sevres  A 

Instrumental  height  Difference 
down  up  m 

4 

Humber 
of  obs. 

Gradient 

Mgal/m 

1 

D8F 

0.212 

1.212 

1 

12 

257. 

4+1.1 

11 

254  . 

4+1.5 
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G298F 

0.214 

1.214 

1 

11 

255. 

0+1.2 
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G709F 

0.208 

1.208 

1 

13 
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0+1.4 

• 

11 
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9+1.5 
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1 
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262  . 

3±0 . 7 

12 
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0.208 

1.208 

1 
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258. 

2±4 . 5 

Mean 

255. 

9+1.0 
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1.212 
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Instr.  Instrumental  height 
down  up 


Difference  Number  Gradient 
m  of  obs.  V  gal/m 


Source 

Sakuma 

Becker, 

Groten 

B.R.G.M. 

(Ogier) 

Becker 

B.R.G.M 

(Ogier) 

year 

1980 

1981 

1984 

1985 

1985 

WZ2  .  273  283.6+1.6  274.8  295.2+1.1  296.9+4.6 

Table  la 


tie 

1981 

19  31 

corrected 

1985 
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- 
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- 
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-  3.0 
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_ 
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-  3.3 
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Appendix  1 

ReRulte  of  measurement g  at  point  A3,  Oevrea,  »995 

Observers:  L.Cnnnizco,  G.Cerutti,  I.y.crron;  Tnrtltuto  di  Vetro- 
logia  "G.Colonnett j " ,  Italy 
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